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ABSTRACT
In this study, the steady state performance and dynamic behavior of a commercial 
10-cell PEM fuel cell stack was experimentally investigated using a self-de signed and 
developed PEM Fuel Cell Testing Stand. The start-up characteristics of the stack to 
different current load and dynamic responses after current step-up were studied. The 
stack voltage was observed to experience oscillation at air excess coefficient of 2 owing 
to the flooding and recovery of part of cells. To correlate the stack voltage with the 
pressure drop across the cathode/anode, fast Fourier transform was performed to obtain 
the dominant frequency of pressure drop signal, which indicated the water behavior in 
cathode/anode thereby predicting the stack voltage change. It is potentially possible to 
utilize pressure drop signal as a diagnosis tool for stack voltage at a fixed current load.
iii
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CHAPTER I 
INTRODUCTION
1.1 Fuel cell technology
A fuel cell is a device that generates electricity by a chemical reaction. Fuel cells 
have been proposed as an ideal power source for a variety of applications such as 
automotives and substitute batteries due to their significant advantages, i.e. high 
efficiency, low emission, silence and simplicity [1], It is widely accepted that fuel cells 
will finally replace the traditional internal combustion engines to be used in vehicular 
applications. Over past decades fuel cell technology has achieved numerous 
improvements in terms of output performance, durability, stability, cost and system 
integration. However, it is still far beyond a mature technology mainly because 1) fuel 
cell itself must achieve higher efficiency and lower cost before successful 
commercialization; 2) fuel cell power system is complicated system and essentially new 
technology under active research.
1.2 Proton Exchange Membrane (PEM) fuel cell
Nowadays PEM fuel cell is the most popular one under research and development 
compared with other mainstream types of fuel cell, i.e., direct methanol fuel cell (DMFC), 
alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell 
(MCFC) and solid oxide fuel cell (SOFC). This is mainly because the high power density 
and low operating temperature make the PEM fuel cell uniquely suitable for portable 
power and automotive applications. PEM fuel cell appears to offer the best prospect for
1
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further improvement until the successful commercialization, which may become true 
within two decades.
1.3 PEM fuel cell system and performance
Due to the complex electrochemistry, PEM fuel cell itself is an unsteady system, 
which is very sensitive to several operating parameters such as the reactant gas supply 
rate and humidity, system pressure and stack temperature. The output of fuel cell may 
vary significantly even one of those parameters changes. Therefore a well-developed 
control system is indispensable for PEM fuel cell operation to maintain significant 
parameters in a steady state and to adjust necessary parameters upon the user’s 
requirement. A stand-alone PEM fuel cell stack can never be utilized as the power supply 
and only when the control system is integrated can it be termed as a complete “fuel cell 
system” or power supply module. Development of control system for PEM fuel cell is a 
paramount step for any power supply application.
On the other hand, the dynamic behavior of PEM fuel cell has not been fully 
studied and understood. The experimental studies on the dynamic behavior is few in 
literature, probably because the requirement on testing instrument and technique and the 
unawareness of its importance before. Additionally, due to the complexity and 
unsteadiness during the electrochemical reaction, reactant mass transport as well as water 
and thermal management, the transience of PEM fuel cell after start-up/load change is 
more difficult to model than the steady-state performance. Some important modeling 
approaches to study the dynamic behavior have been reported in literature in recent years;
2
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however the corresponding experimental data lack to provide verification for those 
modeling results. It has been gradually realized that studies on the dynamic behavior is 
extremely important as the fuel cell stack will always experience transience during start­
up, shut-down and switch of power requirement in portable and automotive applications. 
The identification of physics behind the dynamic behavior and the proposal of 
corresponding control method during transience will provide solution for improving stack 
durability, efficiency and optimizing system development. It should be noted that in 
terms of fuel cell itself, other issues such as optimum design of membrane electrode 
assembly (MEA) and flow channel may be of most importance; whereas from the view of 
a power system, those two points mentioned above are more urgent and significant in 
PEM fuel cell research.
1.4 Research summary
This study will therefore focus on these two points: system development and 
experimental study on the performance of a commercial fuel cell stack, especially the 
dynamic behavior. A PEM fuel cell testing stand was self-designed, built and configured. 
The testing stand is able to monitor and/or control all necessary operating parameters 
including reactant gas flow rate and humidity, system pressure, pressure drop across the 
anode/cathode, stack and gas temperature, cell voltage, current and power output. The 
testing stand also features a friendly user interface developed in LabVIEW environment, 
where codes implement measurement data acquisition and display and real-time control 
of hardware. With the aid of the testing stand, the steady state and dynamic performance 
of a commercial 10-cell PEM fuel cell stack ordered from Palcan Power Systems Inc.,
3
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4
Vancouver was experimentally investigated. The cathode/anode pressure drop and stack 
voltage during transience was correlated, both being analyzed from the view of water 
behavior in the cell. In the meantime, the functionality and performance of the self­
developed testing stand was verified.
4
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CHAPTER II 
REVIEW OF LITERATURE
2.1 PEM Fuel cell performance
2.1.1 PEM fuel cell fundamentals
PEM fuel cell is an electrochemical energy conversion device that produces 
electricity from external supplies of fuel (on the anode side) and oxidant (on the cathode 
side). Reactions at both sides are as follows:
Anode: H , -> 2H + +2e~




External C ircu it
Gas D iffusion Layer (Anode)
C atalyst Layer (Anode)
Membrane Protons
C atalyst Layer (Cathode)





Fig. 1. Schematic of PEM fuel cell operation
Hydrogen ions released at the anode pass through the Nation (®Dupont) 
membrane, the industrial standard for PEM fuel cell, to reach the cathode and participate 
the oxidization reaction. In the meantime, the membrane blocks the electrons to pass
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
through so that they can only transport via the external circuit to reach the cathode. The 
movement of bulk electrons, as known to all, is the way how current generates.
At both sides of the membrane, the electrode forms in terms of carbon supported 
platinum as the catalyst. PEM fuel cell usually works at 60-80 C and normal pressure, 
which means presence of catalyst is significant to facilitate the electrochemical reaction. 
Platinum is the best catalyst for both anode and cathode, although some substitutes such 
as Pt alloyed compound are currently under active research. The very thin (typically 0.03 
mm) layer of carbon supported platinum is named catalyst layer.
As the physical support of the membrane and catalyst layer, gas diffusion layer is 
attached to the outside of the catalyst layer and the whole structure (membrane, catalyst 
layer and gas diffusion layer) is compressed to form the Membrane Electrode Assembly 
(MEA). Carbon paper or carbon cloth is widely used as the gas diffusion layer because of 
its high porosity that facilitates the reactant transportation towards the catalyst sites. Also 
the very low electrical resistance of carbon paper/cloth makes the ohmic loss within an 
acceptable range.
6
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Fig. 2. PEM fuel cell structure [28]
The open circuit voltage (OCV) of a single cell is very small with a theoretical 
value of 1.18 V, given the product of water is liquid and at a temperature of 80 [ 1 ]. It 
should be noted that this figure is the reversible open circuit voltage that does not taken 
into account any loss or irreversibility. The operating voltage is even smaller, about 0.7 V 
when drawing a useful current. Consequently, many cells have to be connected in series 
to produce a useful voltage. To this end, “bipolar plate” is made, as it is the 
interconnection between the anode of one cell and the cathode of the neighboring cell. 
There are channels cut in both sides of the bipolar plate so that the reactant gas can flow 
over the face of electrode. In the meantime, it makes a good electrical contact with the 
surface of electrode, which is achieved by 1) the material is very low-resistant; 2) the 
whole stack is compressed evenly during assembling. The material for bipolar plate is 
usually stainless steel or graphite.
7
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2.1.2 Steady-state performance and irreversibility
The performance of a fuel cell is usually summarized with a graph of its current- 
voltage outputs. This graph, called a current-voltage (I-V) curve, shows the voltage 
output of the fuel cell at a given current output. The current has been normalized by the 
area of the fuel cell in terms of a standard unit of current density (in amperes per square 
centimeter). Larger fuel cells can obviously produce more electricity than smaller ones; 
therefore a normalized current unit makes fuel cell performance comparable.
No loss' vo ltage of 1,2 V
Even the open  circuit voltage is le s s  than the 
theoretcial no lo ss  value






Voltage falls m ore slowly, 
and graph is fairly linear
0.4
0.2








Current density (mA cnrr2)
Fig. 3. Typical steady-state performance curve of PEM fuel cell [2]
Theoretically, a fuel cell would supply any amount of current under the condition 
of sufficient fuel supply, while maintaining a constant voltage determined by
8
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thermodynamics. In practice, however, the actual voltage output of a fuel cell is less than 
the ideal thermodynamically predicted value. Furthermore, the more current that is drawn 
from a real fuel cell, the lower the voltage output of the cell, limiting the total power that 
can be delivered.
It is difficult to maintain the cell voltage at a high level under current load, as 
shown in the above figure. The voltage output of a fuel cell in operation is less than 
thermodynamically predicted value due to irreversible losses. Total loss increases with 
the increasing current drawn from the stack. There are three major types of fuel cell 
losses, which shape a fuel cell I-V curve.
1) Activation loss. Such loss is caused by the slowness of the reactions taking 
place on the surface of the electrodes. A proportion of the voltage generated is lost in 
driving the chemical reaction that transfers the electrons to or from the electrode.
Electron does not participate the reaction as soon as it releases, enough amount of 
electrons accumulate to such a level that the reaction can take place continuously given 
the sufficient gas supplies. This level can be imagined, or is equivalent to, the activation 
loss. In the figure above, it is represented by the initial sharp drop of the cell voltage.
2) Ohmic loss. It is the straightforward resistance to the flow of electrons through 
the material of the electrodes and the various interconnections, as well as the resistance to 
the flow of ions through the electrolyte. This voltage drop is essentially proportional to
9
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current density, represented by the linear fall in the middle of the performance curve in 
the figure.
3) Mass transport or concentration loss. Such loss results from the change in 
concentration of the reactants at the surface of the electrodes as they are consumed along 
the gas channel from the inlet to the outlet. Concentration affects voltage via the change 
of differential pressure of reactant. That is why this type of irreversibility is called 
concentration loss. On the other hand, since the reduction in concentration is the result of 
a failure to transport sufficient reactant to the electrode surface or catalyst sites, this type 
of irreversibility is also called mass transport loss. In the figure above, such loss can be 
observed at high current density range as an unlinear drop, because sufficient reactant 
supply is the controlling factor to obtain large amount of current.
4) Fuel crossover and internal currents. Such loss results from the waste of fuel 
passing through the electrolyte, and, to a lesser extent, from electron conduction through 
the electrolyte. The electrolyte should only transport ions through the cell, however very 
small amount of fuel diffusion and electron flow will always be possible. It does have a 
marked influence on the OCV of low-temperature fuel cell, which explains why the OCV 
is always smaller than the theoretical no loss value.
Combining all the irreversibilities, the operating voltage of a fuel cell at a current 
density i can be modeled by the following equation [2]:
V = E -A V ohm -  A Vact -  A Vtram = E - i r - A  ln (^ -^ ) + m exp(w')
*o
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
Where in is the internal and fuel crossover equivalent current density; A the slope 
of the Tafel line; i0 exchange current density; m and n the constants in the mass transport 
overvoltage; r the area specific resistance.
2.1.3 Dynamic performance
It should be noted the I-V curve describes the steady-state performance of the fuel 
cell. “Steady state” means the performance is time-independent or time-invariable. To 
obtain the curve, either the current or the voltage is set as a constant, the corresponding 
voltage or current is determined by the electrochemistry of the fuel cell system. Enough 
pairs of I-V data can then produce the performance plot.
However, steady-state performance is far from providing enough information of a 
fuel cell system. The reason for researchers and engineers to obtain the fuel cell 
performance is to know physics of fuel cell operation, to distinguish good design from 
bad one and to find the source for performance decay. To this end, much more 
information is necessary such as discrimination among different losses from a total loss 
measured as the voltage drop. More advanced characterization tools and techniques are 
applied to acquire the dynamic performance, as a comparison to the steady-state.
It is straightforward that the dynamic performance is time-dependent, time is 
always one variable in the performance curve. One technique that is usually used in 
characterization is the current interrupt measurement. A current as a step change to the 
original current is abruptly drawn from the stack at time t = 0 and the system voltage
11
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response approaching to steady state is measured. In practice, such step change usually 
means the sudden cut-off of current, which can be performed simply by a switch and an 





Slow final rise 
to OCV, Va
Immediate rise in voltage, Vr
Time
Time of current interrupt
Fig. 4. Schematic of current interrupt technique [2]
From the voltage response, ohmic loss and activation loss can be distinguished. 
The former reduces to zero immediately whereas the latter take some time to release due 
to the charge double layer effect. Accordingly, in the figure above the immediate voltage
12
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rise represents ohmic loss and the subsequent slow rise to the final state represents 
activation loss.
In recent years some fuel cell research group also tried observing the current 
transient response with a step change in cell voltage. The current overshoot/undershoot 
was observed [13] [14], which is sensitive to the operating conditions. These information 
help researchers understand the electrochemical physics of fuel cell operation and 
furthermore, provide useful data for fuel cell application development such as power for 
automotive. During the load changes, current surges are always detrimental to most 
onboard devices. Therefore the dynamic performance should have been well examined in 
laboratory and special technique should be developed to prevent surges. Fuel cell 
companies always focus more on the dynamic performance as in the real case what is 
concerned by the user is the voltage/current output over time, not the steady-state 
performance that may need a long time to reach. Steady-state performance resembles the 
nominal or rated output, however rarely the real performance that is obtained by user.
Another technique as a useful research tool is the Electrochemical Impedance 
Spectroscopy (EIS). In this dynamic technique, a sinusoidal perturbation (usually a 
voltage perturbation) is applied to a fuel cell system and the amplitude and phase shift of 
the resulting current response are measured. Measurements can be conducted over a wide 
range of frequencies, resulting in the construction of an impedance spectrum. This 
technique requires special instrument such as an impedance analyzer to generate high- 
frequency signal. Impedance plot over a wide range of frequencies (usually from 0 to
13
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100,000 Hz) can distinguish different losses in a more detailed fashion than current 
interrupt method. The disadvantage is that it is an expensive and time-consuming 
characterization tool.
In summary, both steady-state and dynamic performance are important data, 
providing useful information to researchers and designers. The former focuses on the 
stabilized output given a specific operating condition whereas the latter presents the 
instability in output over a period of time. In experimental studies, usually both 
performances are investigated to present complete information of the fuel cell.
2.2 Fuel cell test system
Figure below presents a diagram of a basic test station used for in situ fuel cell 
characterization. This diagram is specifically for a PEM fuel cell; however a similar setup 
could be implemented for any other type of fuel cell. Since fuel cell performance strongly 
depends on the operating conditions, a good test setup allows flexible monitor and control 
over operating parameters such as but not limited to pressure, temperature, relative 
humidity, and flow rate of the reactant gases. The first and foremost purpose of the fuel 
cell test system is to establish a stabilized and controllable operating condition, under 
which the fuel cell performance can be measured. Also the system should be friendly 
interfaced with the end user and be stable, accurate and safe.
14
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Fig. 5. Schematic of typical fuel cell test system [3]
In the market various commercial PEM fuel cell test systems are available. For 
fuel cell research groups, it is obviously a good practice to purchase a commercial test 
station to conduct experimental studies. Because it is time-saving, and the functionality 
and safety of the instrument are always guaranteed by the company. In literature many 
groups mentioned the commercial test system that is used in the experiments. Liu et al. [4] 
studied the durability of PEM fuel cell MEA under dynamic testing conditions using a 
test station from Fuel Cell Technologies Inc. Flogarth et al. [5] investigated the 
performance of a self-humidifying PEM fuel cell with the aid of a Globetecb test station 
(Globetech Inc., GT-1000), which is specifically suitable for single cell testing. Park et al. 
[6] studied the cross flow through the gas diffusion layer in the neighboring serpentine 
gas channels both experimentally and numerically. An automated fuel cell test station 
(Hydrogenics Inc., FCATS S-800) was used in their experiments.
Several companies are specifically developing fuel cell research related 
equipment. TesSol Inc. at Taxes offers fuel cell test stations for not only PEM but other
15
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type fuel cells as well as catalyst test systems [7]. Fideris test station from TesSol features 
their patented technology in gas humidification management. Electrochem Inc. is another 
main company offering various fuel cell test station and other related equipment with a 
wide selectable range for different configurations [8]. All the companies mentioned here 
occupy the mainstream market and almost all test systems for fuel cell research are 
purchased from them.
Usually such a commercial test station consists of reactant supply module, 
humidification module, operating parameter control/monitor module, fuel cell 
performance control/monitor module, hydrogen safety module and data acquisition and 
communication module. The commercial test system always presents the advantage of 
good stability and safety. However the main disadvantage is that it is black-box fashion 
without flexibility in function change and it is usually very expensive. Such a test station 
mentioned above usually costs more than $22,000 for a basic module, which is not cost- 
effective as a great portion of cost is for the unnecessary features such as large stainless 
steel housing. Unless a customized order, it is almost impossible to find every function 
necessary and every measurement range well suitable. For example, the test equipment 
from Electrochem Inc. mentions the gas pressure measurement range of 60 psig in 
maximum, which is beyond the system pressure limit of most small stacks. l i t  is very rare 
to run small stack at system pressure higher than 3 atm, even in experiments. Therefore, 
the regulator included in the system may cost more than what is actually needed. From 
the author’s view, purchase of a commercial system is not the best solution. Instead, the 
testing system was self-developed in this project.
16
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2.3 Modeling and experimental studies
Many mathematical modeling studies on PEM fuel cells can be found in literature. 
One of the most widely cited steady state models is developed by Dutta et al. [9], 
however their model ignores the MEA thickness and membrane water storage and cannot 
be applied in transient analysis. In this paper, the author focuses on review of the 
dynamic fuel cell modeling studies. One of the earliest dynamic models was developed 
by Amphlett et al. [10], which predicted the cell voltage, power and stack temperature as 
a function of time when stack experienced perturbation. This model considers the stack as 
a whole (without consideration of temperature gradient and local current variation) to 
develop the model as it is the earliest attempt in modeling study. Ceraolo et al. [11] 
developed a simplified (one dimensional and single phase) dynamic model for PEM fuel 
cell and implemented the model in the Simulink environment. Although their model has 
neglected several important factors, they presented a detailed and new approach to 
determine the numerical values of the model parameters. Beming et al. [12] reported a 
three dimensional and multiphase model, which considered the gas transport and heat 
transfer process within the gas diffusion layer, flow channels and coolant channels. Xue 
et al. [13] developed a system-level dynamic model for PEM fuel cell that incorporates 
the complicated temperature, gas flow through the channel and the double charged layer 
effect in MEA under operating conditions. Their model features the application of three 
separate control volume. Recently Shimpalee et al. [14] [15] used the commercial 
computational fluid dynamics (CFD) solver to simulate the transient response of a PEM 
fuel cell subjected to a variable load and particularly focused on the overshoot/undershoot
17
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behavior under different flow stoichiometry conditions. Their modeling study is based on 
their previous experimental observation of overshoot/undershoot in transience. Yu et al. 
[16] developed a water and thermal management model to study the steady-state and 
dynamic performance of Ballard PEM fuel cell stack, a famous commercial product in 
market. Their results showed the stack usually takes about 30-40 minutes to reach the 
steady state, which is further verified by the real operation. Wang et al. [17] [18] 
developed a three dimensional dynamic model considering all the important transient 
processes in PEM fuel cell including gas transport, water accumulation in membrane and 
double layer discharge. Their model is one of the most advanced models currently 
available in literature, which also predicts the overshoot/undershot during the step 
changes under some operating conditions.
Experimental studies on PEM fuel cell dynamic behavior are few in open 
literatures. Hamelin et al. [19] studied the transience of a PEM fuel cell under fast load 
communications and reported the faster fuel cell system response time than the load 
communications. The dynamic behavior of an air-breathing PEM fuel cell was 
experimentally investigated by Momer et al. [20], who focused on the transient effects of 
temperature, humidity and air flow rate. Kim et al. [21] [22] reported the influences of 
reservoirs, fuel dilution and gas stoichiometry on the dynamic behavior during load 
changes and they observed the overshoot/undershoot of the current density during cell 
voltage switch. This is an important phenomenon that indicates the physics of the 
dynamic behavior of PEM fuel cell; however it is still not well understood and controlled. 
Recently Yan et al. [23] conducted an investigation on the dynamic behavior of PEM fuel
18
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cell under a series of changing parameters, i.e., the feed gas humidity, temperature, feed 
gas stoichiometry, air pressure, fuel cell size and flow channel pattern. The authors 
reported that all of those parameters have significant influence on the transient response. 
Although they provided an overall experimental data for validation of related fuel cell 
models, they did not focus on any parameter to further identify the effects on the 
transience. Philipps et al. [24] explored the behavior of a dynamically operated large- 
scale (11.5 kW) fuel cell system. Their research shows that a power-dependent 
modulation of the feed gas pressure and flow rate is necessary to achieve high energy 
efficiency.
It should be noted that although more and more experimental studies have been 
performed on dynamic behavior of PEM fuel cell and found in literature, the research is 
still at initial stage. Most publications display the bulk experimental data during the 
transience under various operating conditions; however the significant physics that result 
the unique transient response observed in the experiments, such as water flooding and 
removal, have not been thoroughly studied and understood. On the other hand, study on 
the dynamic behavior of a PEM fuel cell stack is very few in literature compared with 
single cell. Dynamic behavior of a single cell and a stack is completely different, which 
can be theoretically explained by the more complicated mass transport, local current 
distribution and water management. Such difference has also been experimentally 
observed [23]. For example, it is evident that for dynamic behavior of a fuel cell stack, 
one or several cells may experience serious output decay while others remain normal 
status in the meantime, which is detrimental to the stack durability. Therefore, it is
19
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necessary and worthwhile to investigate the dynamic behavior of a stack so as to provide 
experimental data for stack design and system control. Finally, the unstable voltage has 
been observed as a significant phenomenon in dynamic behavior. However, few studies 
have focused to correlate such voltage change in transience with pressure drop across 
cathode/anode, which is potentially a diagnosis tool for controlling stack output. Barbir et 
al. [25] and He et al. [26] conducted some initial studies on pressure drop as a diagnosis 
tool for water flooding in PEM fuel cell, however they investigated steady cases only and 
did not explore the general relationship between pressure drop and cell voltage. Therefore, 
their methodology and conclusion may not be applicable for a different case; although as 
initial attempts their findings were of great significance. There is hardly any other 
publication in literature that concerns pressure drop as a diagnosis tool in fuel cell 
operation. A more systematic and detailed study on pressure drop as a diagnosis tool in 
dynamic stack operation is thus very necessary, which not only aids the understanding of 
physics in stack dynamic behavior but also extends the previous research with regard to 
pressure drop.
20
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CHAPTER III 
EXPERIMENTAL
In the study a 10-cell commercial PEM fuel cell stack from Palcan was operated 
under a variety of conditions using the self-developed PEM fuel cell testing stand. 
Information regarding the test system can be found in Section 3.1. The author would like 
to address that the overall performance of the Palcan stack under test is not satisfactory in 
terms of maximum current density it can reach, however the purpose of the study is to 
present the steady state and dynamic behavior and explore the physics behind; it is not 
aimed to show the superiority of the design of Palcan fuel cell stack.
3.1 Experimental setup
A PEM fuel cell testing stand was successfully developed as part of the project. It 
can monitor and/or control all operating parameters relating to PEM fuel cell 
performance including mass flow rate of the reactants, absolute pressure of the reactants 
and pressure drop across cathode/anode, stack temperature and gas temperature at 
inlet/outlet, humidity of the reactants before entering the stack, current drawn from stack, 
stack voltage and power. It features self-developed LabVIEW codes that is friendly 
interfaced with users, which can implement the instrument control, display and record 
data in a real-time format, and monitor the necessary parameter to prevent danger such as 
stack overheating. Not only the steady state performance, but also the dynamic behavior 
of PEM fuel cell can be studied with the aid of the test stand due to its programmable 
instrument control and data logging. Finally, the test stand is physically compact and 
low-cost compared with a commercial system that has similar functionality. A schematic
21
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drawing of the self-developed system is shown in Fig. 6. Due to the limited space, 
detailed information of the system is not presented in this paper.
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Fig. 6. Schematic of the PEM fuel cell testing stand
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3.2 Details of experiments
Following experiments were conducted: 1) the steady state cases, i.e., the I-V 
curve acquisition under different Air/Hydrogen mass flow rates. This is to present the 
overall performance of the stack. 2) The start-up cases, i.e., the dynamic behaviors in 
terms of stack voltage, temperature, pressure drop when the stack starts from idle to 
different current loads were recorded and analyzed. The purpose is to find out the 
relationship between air/hydrogen pressure drop across the stack and the stack voltage, 
the former being potentially a diagnosis tool for the latter. The author believes such 
relationship exists and attempted to find it although no similar study has been found in 
literature. 3) The current step-up cases, i.e., the current drawn from the stack steps up 
from 1 A to different new levels and stack voltage and pressure drop transience were 
recorded and analyzed. Before step-up the stack performance is stable at 1 A. After step- 
up it may or may not reach a new steady state based on excess coefficient. Still it is 
attempted to reveal the relationship between air/hydrogen pressure drops and stack 
voltage.
3.2.1 Steady state cases
The electronic load was set to work as constant current mode so that the current
drawn from the stack was fixed. To obtain the steady state I-V curve, increase the current
from 0.5 A to maximum value it can draw, with a step variance of 0.5 A. At every current
setpoint, wait for long enough time until the stack voltage is stable. This process may
take several minutes or longer, also it is under some condition that a steady state cannot
be achieved. Record the voltage value only when it is stable. To see the influence of mass
flow rate on the I-V curve, there are two ways to set it at a given current setpoint. First, it
23
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is determined by excess coefficient, i.e., mass flow rates of reactants increase with the 
current setpoint during experiments. The definition of excess coefficient X at a given 
current load is as follows [27]:
Actually supplied mole number of air (oxygen) or hydrogen 
Theoretically consumed mole number of air (oxygen) or hydrogen
Every curve obtained via connecting I-V pairs in sequence is therefore characterized by
“identical excess coefficient”. Second, set the mass flow rate at a constant value so that
even at the maximum current load, it is sufficient in terms of theoretical calculation
values. For example, it is set such that excess coefficient X =2 for air and 1.2 for hydrogen
at the possible maximum current, which is estimated by experimental attempts.
Obviously for a lower current setpoint, X would be higher. Every curve obtained via
connecting I-V pairs in sequence is therefore characterized by “identical mass flow rate”.
In the study the second approach was used since the stack voltage may experience 
oscillation during current step-up such as from 1 A to 1.5 A if X maintains (applying first 
approach). Such oscillation may hardly stop, reason being discussed in next Chapter.
That is to say, a steady state may never be reached if operating the stack in “constant X 
mode” to obtain I-V curve. Refer to the table below, the air flow rates were selected as 
1.47,1.97, 2.48 and 2.95 SLPM respectively to obtain four I-V curves, hydrogen flow 
rate being 0.603 SLPM; the hydrogen flow rate were selected as 0.497, 0.623 and 0.828 
SLPM respectively to obtain three I-V curves, air flow rate being 2.48 SLPM. The 
system pressure during operation was 1 local atmosphere (the same for all other cases 
below if not specified) since both anode and cathode were left open-ended. Mass flow 
rates and current drawn from stack were controlled, whereas stack voltage, temperature,
24
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humidity were determined by the electrochemistry and system configuration. The current 
density was calculated at a given effective MEA area of 36 cm2.
Current
(A)
Air Excess Coefficient Hydrogen Excess Coefficient
1 1.5 2 4 1 1.2 1.5 2
1 0.1658 0.2487 0.3316 0.6634 0.0696 0.0835 0.1044 0.1392
2 0.3317 0.4976 0.6634 1.3266 0.1393 0.1672 0.2090 0.2786
3 0.4975 0.7463 0.9950 1.9900 0.2089 0.2507 0.3134 0.4178
4 0.6633 0.9950 1.3266 2.6532 0.2786 0.3343 0.4179 0.5572
6 0.9950 1.4925 1.9900 3.9800 0.4179 0.5015 0.6269 0.8358
10 1.6583 2.4875 3.3166 6.6332 0.6965 0.8358 1.0448 1.3930
Table 1. Mass flow rates (SLPM) at different current loads and excess coefficients
3.2.2 Start-up cases
Start-up characteristic is an important measure of the PEM fuel cell dynamic 
behavior. As known to all, PEM fuel cell features cold start-up due to the relatively low 
operating temperature. However, such cold start-up may not readily achieve steady state 
at given excess coefficient and current load conditions. Stack voltage was observed to 
oscillate after start-up and such oscillation had no sign to stop even operating for several 
hours. This dynamic behavior of oscillation is the focus of the study.
The stack was started from idle to 1, 2, 4, 6 A constant current load respectively, 
with stack voltage and other operating parameters monitored and recorded. Based on the 
operating experience in steady cases, it was difficult to draw current higher than 6.5 A 
from the stack. Therefore current setpoints of 1, 2, 4, 6 A represent different load levels 
available for current stack. For every case, the mass flow rates of reactants were 
determined by excess coefficient, 2 for air and 1.2 for hydrogen. These excess coefficient 
values were selected such that the stack voltage oscillation would happen. As mentioned,
25
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it is the focus of the study and the author would like to find out the physics behind. The 
mass flow rates were set when the load was disconnected, and remained unchanged 
during the whole experiment. When the reading from mass flow controller was stable, the 
load was connected to work at the constant current level. The moment when the load was 
connected was set as zero, therefore negative time ticks correspond to the small amount 
of data recorded before connecting the load. It should be noted that the electronic load 
took very short time (less than 1 second) to reach the current setpoint, thus it: can be 
approximately considered all stack voltage response after zero time tick correspond to 
constant current load, or, the current setpoint.
Besides the stack voltage, changes of temperatures at stack surface, anode outlet 
and cathode outlet and reactant pressure drops across anode and cathode (air and 
hydrogen) were also plotted and analyzed.
3.2.3 Current step-up cases
Current step-up cases were performed in a similar fashion with the start-up cases. 
Instead of idle, the stack was first stabilized at 1 A current load, followed by increasing 
the current setpoint to 2, 3, 4, 6 A respectively. For both air and hydrogen, the excess 
coefficient remained unchanged before and after current step-up. Thus the mass flow rate 
setpoints were increased together with the current setpoint at the moment that was 
referenced as zero. However, due to the different settling time of mass flow controller 
and electronic load, the new current setpoint can be achieved before the mass flow rate 
setpoints with an advance of 2-3 seconds. Hence, right after the trigger of current/flow
26
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rate step-up (time zero), the stack was working under insufficient reactant supplies for a 
very short time (less than 2 seconds). After that, mass flow rates reached the setpoints 
and excess coefficient can be therefore maintained.
Three cases were run in terms of different excess coefficients for air. Every case 
contains four sub-cases in terms of different current setpoint after step-up. It was found 
that hydrogen excess coefficient has very limited influence on the stack dynamic 
behavior as long as it is larger than 1.1. On the contrary, air excess coefficient has
apparent and direct effects on the stack dynamic behavior, which was therefore varied to 
show behavior differences.
Case 1 (Scarce) Case 2 (Normal) Case 3 (Excess)
Excess coefficient for air 1.5 2 3
Excess coefficient for 
hydrogen
1.2 1.2 1.2
Table 2 Excess coefficients for dif Eerent current step-up cases
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CHAPTER IV
RESULTS AND DISCUSSIONS
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Fig. 7. Stack polarization curve under different air flow rates
As shown in Fig. 7, the overall steady state performance improves with the 
increase of air flow rate. At low current density, the difference is not obvious since even 
the lowest air flow rate (1.47 SLPM) corresponds to an excess coefficient higher than 4.
At higher current densities, the difference becomes apparent. Since humidification of 
incoming gases was performed via the water collected in the humidifier at the 
downstream of cathode outlet, incoming gases to the stack were not fully humidified to 
100% RH. Usually only 80% RH can be reached. This contributes to the low current 
density of current stack compared with a normal value, however not the major contributor. 
It should be noted that the final sharp drop of stack voltage at current density higher than
28
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0.13 A/cm2 was not attributed to the mass transport loss or dry out of membrane, which 
is usually the reason. Here the stack voltage of 2.4 V, for example, corresponded to three 
cells under normal operation and others “dead” (generating cell voltage lower than 0.1 V). 
In other words, it did not indicate that every cell was working at approximately 0.24 V, as 
one might suppose. That is to say, at high current density, one step increase of current to 
a certain level resulted several cells in the stack “dead” , although they were working 
properly at the previous current level. This is because at elevated current those (at least 
two) “dead” cells suffered from electrode flooding and the air flow was unable to remove 
liquid water that caused flooding. That is why at the maximum air flow rate (2.95 SLPM) 
such sharp voltage drop was not observed. Instead, the “dead” cell was generated one by 
one, noting every drop was roughly 0.8 V. Higher air flow rate is preferred in terms of 
better removal of water and prevention of flooding, therefore “dead” cell appeared 
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Fig. 8. Stack polarization curve under different hydrogen flow rates
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Fig 26 shows hydrogen flow rate has very limited influence on the stack 
performance. Since hydrogen supply rate was sufficient to maintain the reaction, the 
stack voltage sharp drops observed in all cases were due to the “dead” cells at elevated 
current load. In other words, the stack performance was still determined by air flow rate. 
The same air flow rates resulted similar final stack voltage, i.e., three normally working 
cells.
• — Air Flow Rate 1 .47 IPIVI 
Air Flow Rate 1.97 SLPM 
Air Flow Rate 2.48 SLPM 
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Fig. 9. Stack power output versus current density under different air flow rates
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Fig. 10. Stack power output versus current density under different hydrogen flow rates
Figs 9 and 10 show the power output plots corresponding to Figs 7 and 8, respectively.
As expected, for both cases the power reached the maximum at a medium current that can 
be drawn from stack
4.2 Start-up cases
4.2.1 Stack voltage responses
31
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Fig. 11. Stack voltage response when stack started from idle to 1 A load
Fig. 11 shows how the stack voltage changed with time when the stack started to
1 A load. The air flow rate was low due to the low current load of 1 A (excess coefficient
fixed for all start-up cases). With the reaction moving forward, more and more water was
generated but not removed smoothly due to the unknown problems in gas channel design
and fabrication and the low air flow rate. In addition to humidify the membrane, liquid
water accumulated and then flooded the electrode. Gradually, more and more cells
became “dead” and stack voltage was observed to experience sudden sharp drop when
one more malfunctioned. Because of the low air flow rate, or, its low capacity to remove
liquid water, “dead” cells cannot recover. When there were only five cells working, the
stack voltage appeared to stop decreasing, or, no more cells became “dead”. This
indicated that besides the electrodes, cathode gas channels in those non-working cells
3 2







may have been also blocked by liquid water so that air can hardly pass through those cells. 
The average air flow rate at the channels of the remaining five cells was therefore 
increased, which explains why these cells no longer suffered from electrode flooding. 
Finally, the stack voltage (five working cells) was observed to be stable.
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Fig. 12. Stack voltage response when stack started from idle to 2 A load
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Fig. 13. Stack voltage response when stack started from idle to 4 A load
Figs 12 and 13 presented obvious voltage oscillation compared with Fig 11. At an 
elevated current load, the air flow rate was higher given the same excess coefficient. The 
reason for oscillation is that the air flow rate was not high enough so that several (not all) 
cells can be maintained always without flooding; whereas the air flow rate was high 
enough so that if too many channels were blocked by water (total gas channel cross 
section area reduced and average air flow rate increased), one or two “dead” cells can
recover when liquid water in gas diffusion layer/channel being removed by air flow. The 
non-working cell during the oscillation may be arbitrary based on the observation in 
experiments, one newly flooded cell may result another one that was previously “dead” to 
recover. This can be attributed to the fact that although the average air flow rate was
34
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increased, it is arbitrary to determine the water in which cell was firstly removed. As 
soon as water in one cell’s channel was removed, the average flow rate reduced and 
probably no additional cell can further recover due to insufficient air flow rate.
10 p-------------- r------------- .--------------- ,------  n-------------- ,---  ;
9 -----------------------------------1----------------H---- ---------- [ ---------------- 1-----------------
8 L i-  ------------  -j------------ ;■--------------- 1---------------
0  Ll________________  J_________________ I.................................. J________________ i __________________ I______________ i I
0 500 1000 1500 2000 2500 3000
Time (s)
Fig. 14. Stack voltage response when stack started from idle to 6 A load
As shown in Fig. 14, the stack voltage response from idle to 6 A load was similar 
to previous cases except that finally the stack voltage fell down to zero, all cells being 
flooded to “dead”. The final drop began at around 1800 seconds after start-up. The water 
generation rate at cathode was very high at and after that moment since the current was 
high and the stack temperature had already reached the optimum level. A great amount of 
water flooded all cells at a high speed such that it was no longer removable by increase of 
air flow rate at remaining open channels. Finally all cells became non-working.
35
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Fig. 15. Change of temperature with time when stack started from idle to 1 A load
As shown in Fig. 15, the stack surface temperature increased with time slowly due 
to the low current level. Air/Hydrogen temperature at outlets was measured by 
thermistor/thermocouple mounted at the outlet fittings, heat contained in the reactant 
gases were quickly dissipated to the stainless steel fittings before reaching the 
thermocouple. Therefore small amount of heat was insufficient to increase the 
temperature readings from thermocouples. This explains why air/hydrogen temperature 
readings at outlets remained almost unchanged in this case. Additionally, at the cathode 
outlet, there was always some liquid water (could be the water remained in system since
36
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previous operation) condensed at the thermistor surface, which resulted the lower 
temperature reading at cathode outlet. In other words, air may not fully contact the 
thermistor surface and its reading was be influenced by previously condensed water. 
However, this problem may be difficult to resolve since the cathode outlet environment 
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Fig. 16. Change of temperature with time when stack started from idle to 2 A load
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Fig. 18. Change of temperature with time when stack started from idle to 6 A load
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As shown in Figs 16,17 and 18, at an elevated current load, all three temperatures 
measured experienced an apparent increase with time. Higher current load saw a quicker 
temperature increase. The stack temperature moved into the optimum range at around 
3000, 1500 and 800 seconds after start-up respectively. The air temperature at outlet 
surpassed the hydrogen temperature after a certain period of operation, both showing 
obvious trend of increase in the meantime. This due to the fact that reaction at cathode 
releases much more heat compared with anode, which is dominant over the influence of 
condensed water on the thermistor surface as mentioned. On the other hand, the stack 
itself became very hot at elevated current, which also heated the gases passing through. 
Still, part of the heat was lost at internal surface of outlet fittings, however the remaining 
was sufficient to raise the reading of sensors.
4.2.3 Pressure drop responses in time domain
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Fig. 19. Change of pressure drop with time when stack started from idle to 1 A load
Fig. 19 shows the cathode (air)/anode (hydrogen) pressure drop changes when the 
stack started to 1 A load. The cathode pressure drop kept increasing since the average air 
flow rate at opening channels was increasing when more and more channels became 
blocked and cells became “dead”. It is supported by the fact that the relatively abrupt 
increase of cathode pressure drop at around 600 and 1050 seconds corresponds to stack 
voltage drop at the same time in Fig 27. For anode pressure drop, besides those numerous 
small oscillations, which will be explained later, there are several large and apparent 
oscillations, as one can see before 600 and 1050 seconds. Again, such undershoots relates 
to the stack voltage drop at that time. Because new “dead” cells appeared at those 
moments due to cathode electrode flooding, the hydrogen consuming rate, or, the rate
40
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hydrogen ion generation at the catalyst sites was reduced before those moments. Time 
delay between tack voltage drop and decease of anode pressure drop can be explained as 
follows: when the cathode gas diffusion layer was blocked by water, there was a certain 
amount of air left at the catalyst layer, which can still sustain the reaction for a while. 
Hence the stack voltage would not fall down immediately. However, as soon as gas 
diffusion layer was blocked, the reaction rate at cathode catalyst layer was reduced since 
oxygen was not replenished any longer; thereby reducing hydrogen ion concentration 
gradient in the membrane (unconsumed hydrogen ion accumulated). As a result, reaction 
that hydrogen was oxidized to hydrogen ion at anode catalyst layer would become much 
slower. Hydrogen flow passed through the electrode without or with much less 
consumption, consequently the anode pressure drop reduced abruptly. Furthermore, the 
immediate increase of anode pressure drop after undershoot was attributed to the back 
diffusion of liquid water to the anode, which even flooded the anode. Liquid water in 
anode gas diffusion layer and/or channel would hinder the hydrogen flow, thereby 
increasing the pressure drop. Finally, the author would like to address the abrupt increase 
of anode pressure drop right after 300 seconds, which corresponds to the stack voltage 
drop at that time. Note that cathode pressure drop did not experience abrupt increase at 
around 300 seconds, which means this stack voltage drop started from the anode flooding 
instead of cathode. It seems to be unusual but considering the stack had just started for 
five minutes, liquid water resulting anode flooding may be remaining water in the system 
after previous operation.
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Fig. 21. Change of pressure drop with time when stack started from idle to 4 A load
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Fig. 22. Change of pressure drop with time when stack started from idle to 6 A load
Figs 20, 21 and 22 show the pressure drop changes when the stack started to 
higher current loads. The pressure drop signals in these cases contain too much high- 
frequency, high-peak oscillation compared with Fig 15 (notice the pressure drop axis 
scale). Therefore, unfortunately such signal can hardly be analyzed in a time domain, 
much information being masked by oscillation. Essentially, the high-frequency 
oscillation was due to the liquid water in the system. At elevated current, much more 
water would be present and the reactant flow was disturbed more arbitrarily and 
frequently. Overall, such signal can still be analyzed without too many details. For 
example, in Fig 16 the anode pressure drop increased with time before 4000 seconds due 
to the increase of water amount at anode, experienced an undershoot at around 4000
43
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seconds due to the “dead” cell generated at that time, just as explanations for the case of 
start-up to 1 A load. However, such overall analysis is insufficient.
4.2.4 Dominant frequencies ofpressure drop signals
To combat this problem, the author turned to frequency domain, aiming to find 
the relationship between pressure drop and stack voltage. Signals are converted from time 
domain to frequency domain usually through the Fourier transform. It converts the signal 
information to a magnitude and phase component of each frequency. Customarily the 
Fourier transform is converted to the power spectrum, which is the magnitude of each 
frequency component squared. The most common purpose for analysis of signals in the 
frequency domain is analysis of signal properties. The spectrum can be studied to obtain 
information of which frequencies are present in the input signal and/or which are 
significant component.
A fast Fourier transform (FFT) is an efficient algorithm to compute the discrete 
Fourier transform (DFT). For the pressure drop signal, it was sampled every 0.16 second 
and recorded in the data file. Therefore it can be considered a discrete data sequence and 
FFT can be performed, although the pressure drop itself was analog signal.
Let x0,... xN_{ be complex numbers, the DFT is defined by the following formula:
- J ^ n k
X k = L x«e N k=0,...,K-l
n= 0
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Obviously, this algorithm is complicated to work out as it involves many 
additions and multiplications of complex numbers. FFT is another method for calculating 
the DFT. While it produces the same result, it is incredibly more efficient, often reducing 
the computation time by hundreds. The details of FFT algorithm is not presented here as 
in the study it was performed simply by related Matlab commands without knowing the 
internal workings.
To process the pressure drop data through FFT technique, the author would like to 
first introduce two self-defined parameters. “Window” is the data to be together 
processed by FFT. For every start-up case, the duration is at least 1500 seconds; every 
0.16 second there is a pressure drop data, totally amount of data is therefore tremendous. 
One needs to determine how many data to be processed one time so that the optimum 
power spectrum that facilitates analysis can be generated. The amount of data is termed 
“window size”. In Matlab codes developed for processing pressure drop data using FFT, 
the author applied the algorithm that in every consecutive seven data, take the first one as 
the “window center”, that is, half of the window size applies to the data right before the 
center and half to after the center. In this way that point of data becomes the center of the 
window. Taking first data out of every consecutive seven ones as the window center is to 
separate window centers by 0.96 second, roughly one second (time between two 
consecutive data is 0.16 second). At each window center, grab data identically (half 
window size) before and after to form one FFT processing object.
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The power spectrum obtained after performing FFT on the window will have 
numerous frequency components that show different power. The frequency having 
maximum power obviously is the major component. However considering only the 
frequency at maximum power may not be reasonable especially when the second 
maximum power is very close to the maximum. Here the author defines a parameter to 
describe the major frequency component, which is of most significance in the pressure 
drop signal.
P P PNormalized Dominant Frequency = x  !------ + /' x   -------1- f ,x ------- -------
Pl+ P2+P3 Px+P2+P3 Px+P2+P3
where Px is the maximum power and f\ the corresponding frequency, P2 , P3 the
second and third maximum power and f 2 , / 3 the corresponding frequency.
The Normalized Dominant Frequency indicated the major frequency component 
by taking the largest three powers and corresponding frequencies into account.
Starting from zero, window centers are located at the beginning of every 0.96 
second, where FFT were performed given a specific window size. However, the window 
size cannot be applied to all window centers from zero to end. If the half of the window 
size is larger than the amount of all available data between the zero and window center, 
for example, the time for the window center is 0.96 second after start-up whereas the half 
window size is 20 data, which corresponds to 20 x 0.16=3.2 s, then the half window size 
changes to the amount of all data between zero and window center, with window size 
doubled. This algorithm also applies if the window center is approaching the end of time
46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 7
period for data recording, i.e., if the half window size is larger than the distance between 
end of time period and window center in terms of amount of data/time, the distance 
between automatically becomes the half window size.
Now the plot of time versus normalized dominant frequency can be obtained at a 
time step of 0.96 second. Algorithms mentioned above and the plotting was performed by 
Matlab codes. It should be noted that such plot is not unique since the window size has 
not been specified. Different window sizes may generate different plots. The procedure 
for determining a suitable window size is introduced as follows.
The author would like to first calculate the time for air/hydrogen to pass the gas 
channels in the stack at a given mass flow rate or current load. Two assumptions in this 
approximate estimation are: 1) no water in the channel, i.e., dry gases passing dry 
channels; 2) no velocity loss at the turns of serpentine channels. Following formula was 
used:
Mass flow  rate (mm3/s)
Time to pass channel (s)=
Cross section area o f  channel (mm2) x number o f  channels x channel length (mm)
where the channel length was calculated by length of straight part multiplying number of 
serpentine turns; number of channels was calculated by number of parallel channels in 
one cell multiplying number of cells in the stack. All specification data in calculation 
were from Palcan Power Systems Inc. Results are presented in the table below.
47
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Current (A) Hydrogen 
flow rate 
(L/Min)
Air flow rate 
(L/Min)
Time to pass the 
anode channel
(s)
Time to pass the 
cathode channel
(s)
1 0.09 0.34 4.5864 2.2258
2 0.17 0.67 2.4281 1.1295
3 0.26 1.00 1.5876 0.7568
4 0.34 1.33 1.2140 0.5690
6 0.51 2.00 0.8094 0.3784
Excess coefficient for hydrogen is 1.2, for air 2. Cross section area for anode is 0.78 
mm2, for cathode 1.43 mm2. Number of parallel channels in one cell is 2; number of 
cells in the stack is 10. Length o f  straight part in serpentine channels is 63 mm; 
number of serpentine turns is 7 mm.
Table 3. Channel specifications and time to pass channel at different current loads
Time values in Table 3 divided by a factor of 0.7 can be regarded as the time to 
pass channel when water is present, multiple of which may be used as a suitable window 
size. Although it is an approximate estimation, a series of multiples can be tried and 
compared to find the optimum window size. The reason for choosing time to pass 
channel as the base for window size selection is that such parameter relates to the 
frequency of water removal from the channel, if the reactant flow is able to bring some 
water away. In this way the author believes the relationship between dominant frequency 
of pressure drop signal and stack voltage can be revealed more easily.
To show how to select the optimum window size, take an example of start-up to 1 
A case. Dominant frequency of cathode pressure drop versus time plots are presented in 
terms of different window sizes:
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Fig. 23. Dominant frequency versus time plots under different window sizes
First, it should be noted that the maximum frequency does not exceed 3.125 Hz, 
which is half of the sampling frequency of the pressure drop data (1/0.16=6.25 Hz). Such 
maximum frequency is also called Nyquist frequency in FFT algorithm. This relationship 
has to be followed for performing FFT. The normalized dominant frequency calculated 
by the largest three frequency components is obviously within the same range.
Revisit Fig 11 for stack voltage response and compare with plots in Fig 23. As 
shown, too small window size will result unwanted noise or oscillation so that useful 
information is still masked, whereas too large window size will reduce frequency peaks 
and remove some relatively low peaks, which may be a loss of important information. A 
medium window size, which is 504 data in this case, is the optimum, all major peaks 
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1) Show less noise (unless the oscillation cannot be removed even with a 
large window size, which means dominant frequency does oscillate with time);
2) Retain significant peaks, especially those that are potentially correlated 
with stack voltage increase/decrease;
3) Small window size is preferred if above two being satisfied 
simultaneously, because small window size means less delay if feedback control is 
performed to stabilize the stack voltage. Also, small window size results larger frequency 
peaks that are retained, which is preferred by testing instrument.
The above criteria apply to dominant frequency plots in all start-up and current 
step-up cases. However, for other cases, only the plot generated under the optimum 
window size is presented, i.e., the comparison and selection process will no longer show 
due to the limited space. Following figures put together the dominant frequency and stack 
voltage plots with time. As mentioned, the purpose is to establish the relationship 
between pressure drop frequency and stack voltage, which is not so clear if pressure drop 
signal analyzed in only time domain. Instead, pressure drop signal was first processed in 
frequency domain to obtain the dominant frequency. This frequency is believed to 
correlate with stack voltage response during start-up. The author would like to also 
emphasize that the dominant frequency does not mean the physical changing frequency 
of the pressure drop signal; it only indicates the major frequency component of a series of 
samples. The focus of study is the relative trend of frequency change and not individual 
frequency values, which is variable over different window sizes and sampling rates.
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Fig. 24. Changes of dominant frequency of air/cathode pressure drop and stack voltage 
with time when stack started from idle to 1 A load
As shown in Fig 24, when stack stared from idle to 1 A load, the stack voltage 
drop, or, generation of “dead” cell was predicted by one or several frequency peaks 
before. Frequency peaks indicated that the water began to flood the gas diffusion layer 
and gas channel. Air flow was disturbed and pressure drop became unstable, as can be 
found around 450 seconds. Then the frequency became almost zero, which means air no 
longer passed through this flooded cell. However, the stack voltage remained for a while, 
because 1) the air left in electrode can sustain the reaction for a while at low current; 2) 
small voltage reduction in this flooded cell was compensated by voltage increase of other
53
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cells under a higher average air flow rate. After 600 seconds another cell began to suffer 
flooding, which caused the unstable pressure drop again. For this cell, it took a longer 
time to be fully flooded, a series of frequency peaks being the evidence. The abrupt stack 
voltage drop also appeared later than frequency becoming almost zero. Again, although 
the air did not pass the flooded cell, its cell voltage saw a gradual decrease at first and 
then the abrupt drop after a while. Both the frequency peak and flat bottom can be used as 
the diagnosis tool for in-process flooding and cease of air flow to the flooded cell, 
respectively. It should be addressed that the initial and final frequency peaks are due to 
the algorithm regarding the window size. Also, there may be some liquid water left in the 
stack that caused the frequency peaks before 150 seconds. The system was always 
unstable at initial start-up due to the low stack temperature and liquid water left inside 
since previous operation. As a result, frequency plot at the beginning and end may be 
ignored.
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Fig. 25. Changes of dominant frequency of air/cathode pressure drop and stack voltage 
with time when stack started from idle to 2 A load
As shown in Fig 25, frequency change with time at 2 A load start-up was much 
more complicated. Initial flat bottom of low frequency was attributed the increased air 
flow rate in this case, which may be capable to remove the remaining water in the 
channels very soon. On the other hand, fresh water generated via reaction was too few to 
influence the air flow at initial start-up. Consequently the pressure drop was relatively 
stable for approximately 1000 seconds. The initial stack voltage drop was due to the time 
delay of mass transport to the catalyst layer and low stack temperature.
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After 1000 seconds, the frequency began to oscillate. Every peak corresponds to 
the in-process flooding in gas diffusion layer and channel. As mentioned before, stack 
voltage oscillation was because that air flow was capable to remove water in one or two 
flooded cells if too many cell channels were blocked. Therefore, the bottoms of 
frequency oscillation were the indication that one or two cells that were flooded 
previously now recovered after water was removed. Notice the stack voltage and 
dominant frequency signals from 2000 seconds to 3500 seconds approximately, these two 
signals present a roughly 180 degree phase delay relationship if modeled by a sine 
function, i.e., the peak of stack voltage corresponds to the bottom of frequency and vise 
versa. Water flooding-removal cycle essentially determined the phase reverse of these 
two signals. In this case again, a stable stack voltage with one or several simultaneous 
frequency peaks predicted an abrupt voltage drop after a period for time.
56
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Fig. 26. Changes of dominant frequency of air/cathode pressure drop and stack voltage 
with time when stack started from idle to 4 A load
Fig 26 shows that in 4 A start-up case, the frequency oscillation also happened 
with even more higher peaks. This can be explained by the fact that at 4 A load, more 
water was generating, imposing more disturbance on the air flow. Again, the reverse 
phase of stack voltage signal and frequency signal was observed.
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Fig. 27. Changes of dominant frequency of air/cathode pressure drop and stack voltage 
with time when stack started from idle to 6 A load
As shown in Fig 27, initially it took almost 1000 seconds for frequency starting to 
oscillate. This is because, at 6 A load the air flow rate was high (2 SLPM), small amount 
of water was readily removed and cannot disturb the air flow until the reaction rate 
increased with stack temperature, sufficient water being capable to flood the cell. The 
stack voltage oscillation before 1000 seconds may be related to the unstable and uneven 
mass transport, since there was still certain amount of water, either freshly generated or 
previously left, in the gas diffusion layer. Here it is shown again that initially after start­
up, the frequency information may not be well utilized as a diagnosis tool for stack 
voltage. In this case, finally the stack voltage fell to zero and the load was shutdown
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owing to the flooding in all cells. During the final voltage drop to zero, frequency saw a 
series of intense oscillations obviously due to the great amount of water in the channel. 
The air flow still passed the stack, probably through several cells whose channels were 
not fully blocked, but being highly disturbed by water and unable to reach the catalyst 
layer.
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Fig. 28. Changes of dominant frequency of hydrogen/anode pressure drop and stack 
voltage with time when stack started from idle to 1 A load
59















V .v * * * * * , •» •* ' ; \  J  * j . ' ■- T*.
•  '  I N l '












0 , 4  b
0.2




Fig. 29. Changes of dominant frequency of hydrogen/anode pressure drop and stack 
voltage with time when stack started from idle to 2 A load
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Fig. 30. Changes of dominant frequency of hydrogen/anode pressure drop and stack 
voltage with time when stack started from idle to 4 A load
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Fig. 31. Changes of dominant frequency of hydrogen/anode pressure drop and stack 
voltage with time when stack started from idle to 6 A load
Figs 28-31 present the anode pressure drop frequency changes with time for 
different start-up cases. Much more oscillations were observed compared with cathode 
pressure drop. The frequency peaks, again, were due to the water disturbance in the 
channels or even gas diffusion layer. For hydrogen, such disturbance was more obvious 
since its momentum was much lower than air. As a result, as long as there was certain 
amount of water at anode due to back diffusion, even in gas diffusion layer only, the 
frequency saw the oscillation. When more water was present at anode (see the areas of 
final voltage drop in Figs 28, 29, 31), such oscillation became more intense. However, 
due to the sensitivity of hydrogen pressure drop to water and the fact that water at anode
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was from cathode, it may not be a good practice to use frequency of anode pressure drop 
as a diagnosis tool for the stack voltage.
4.3 Current step-up cases
4.3.1 Stack voltage responses
4.3.1.1 Non-oscillating cases
As mentioned in Table 2, current step-up cases were performed under the 
identical excess coefficients. Only when A was fixed at 2 for air and 1.2 for hydrogen the 
stack oscillation was observed. When 2 for air was maintained at 1.5 and 3 (scarce and 
excess air), stack voltage reached the new steady state after a period of time instead of 
oscillation. That is why in start-up cases, excess coefficient for air was fixed at 2 and for 
hydrogen 1.2. Under other conditions, unstable voltage oscillation, which is the focus of 
study, was not observed based on experimental experiences. Therefore, for these cases 
only stack voltage responses are presented.
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Fig. 32. Stack voltage responses after current step-up with excess coefficient fixed at 1.5 
for air and 1.2 for hydrogen
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Fig. 33. Stack voltage responses after current step-up with excess coefficient fixed at 3 
for air and 1.2 for hydrogen
Figs 32 and 33 show the stack voltage responses in such non-oscillating cases 
(case 1 and case 3 in Table 6). As shown in Fig 48, when excess coefficient for air was 
1.5, before current step the stack voltage stabilized at about 2.4 V, indicating that only 
three cells were not flooded. It appears that air flow at excess coefficient of 1.5 was 
unable to remove the flooding water at any current load, steady state was therefore 
maintained. After current step-up, it took several minutes to stabilize, still only three cells 
being active. When excess coefficient for air was 3, which means the air flow was strong 
enough to remove flooding water; the steady state was also achievable. As shown in Fig 
49, before current step at least nine cells were active with a total voltage of 7-7.6 V, after 
step-up the stack voltage either increased (1-2 A and 1-3 A cases) due to recovery of one
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cell, or decrease due to inactivity of one flooding cell (1-4 A case) or the elevated current 
(1-6 A case). The flooding was still observed at one cell, and it cannot recover later. That 
is why oscillation was not observed when the air excess coefficient was high. It can be 
attributed to the fact that air flow removed water in other nine active cells maintained the 
reaction smoothly and evenly, except that there was serious fluctuation, the air flow could 
never pass the flooding cell due to its higher resistance. Such fluctuation seemingly did 
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Fig. 34. Stack voltage response after current step-up from 1 A to 2 A with excess 
coefficient fixed at 2 for air and 1.2 for hydrogen
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Fig. 35. Stack voltage response after current step-up from 1 A to 3 A with excess 
coefficient fixed at 2 for air and 1.2 for hydrogen
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Fig. 36. Stack voltage response after current step-up from 1 A to 4 A with excess
coefficient fixed at 2 for air and 1.2 for hydrogen
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Fig. 37. Stack voltage response after current step-up from 1 A to 6 A with excess
coefficient fixed at 2 for air and 1.2 for hydrogen
As shown in Figs 34-37, when air excess coefficient was fixed at 2, oscillation 
happened similar to the observations in start-up cases, which can be as well considered as 
responses under current step-up starting from zero. It can be concluded that air excess 
coefficient or flow rate determined the stack voltage oscillation, which must be at a 
medium level to oscillate the stack voltage. Excess coefficient of 2 is standard value for 
air in fuel cell industry; however, from the observations it is suggested a larger value may 
be preferred for stack operation, although the oscillation may also be attributed to the 
design and manufacturing problems specifically for the stack.
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Fig. 38. Pressure drop response after current step-up from 1 A to 2 A
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Fig. 40. Pressure drop response after current step-up from 1 A to 4 A
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Fig. 41. Pressure drop response after current step-up from 1 A to 6 A
Only for those oscillation cases (excess coefficient fixed at 2 for air and 1.2 for 
hydrogen), pressure drop responses were recorded, as shown in Figs 38-41. Again, in 
time domain such signals contain high frequency oscillation that makes analysis difficult. 
The same data processing technique and procedures as in the start-up cases were applied. 
It is expected to correlate the dominant frequency of pressure drop signal with the stack 
voltage, as have been done in analysis of start-up cases.
4.3.3 Dominant frequencies ofpressure drop signals
4.3.3.1 Dominant frequency o f cathode pressure drop versus stack voltage
72
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Fig. 42. Changes of dominant frequency of air/cathode pressure drop and stack voltage 
with time after current drawn from stack stepped up from 1 A to 2 A
As can be seen in Fig 42, the prediction rule that one or several intense frequency 
peaks during a period of stable stack voltage indicate there will be new “dead” cell 
generated still applies (see the peaks between 300 and 400 seconds). It can be also found 
in this case that before the stack voltage experienced an abrupt increase, i.e., recovery of 
one or two “dead” cells (see the voltage increase around 700 and 800 seconds), two signs 
were observed: 1) intense frequency peaks similar to previous rule; 2) unstable stack 
voltage but the change was small. Obviously, when air flow began to remove the flooding 
water, both cell voltage of that flooding cell and frequency of pressure drop was unstable. 
Note the small undershoot before the stack voltage increase around 800 seconds, as well
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as the one before 200 seconds. Such undershoot can be explained in this way: the newly 
recovered cell began to generate water that partially blocked the gas diffusion layer again 
thereby increasing the mass transport loss; however such water was not dominant and 
was removed later by the air flow.









Fig. 43. Changes of dominant frequency of air/cathode pressure drop and stack voltage 
with time after current drawn from stack stepped up from 1 A to 3 A
As can be seen in Fig 43, after step-up to 3 A, the oscillation was not so obvious. 
From 200 to 800 seconds, it appeared that the flooding always stopped half way. In other 
words, water began to block the gas diffusion layer but was removed soon since the 
generation rate was insufficient under the air flow. The water activity in electrode caused 
the continuous frequency peaks between 200 and 800 seconds as well.
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Fig. 44. Changes of dominant frequency of air/cathode pressure drop and stack voltage 
with time after current drawn from stack stepped up from 1 A to 4 A
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Fig. 45. Changes of dominant frequency of air/cathode pressure drop and stack voltage 
with time after current drawn from stack stepped up from 1 A to 6 A
In Figs 44 and 45, phase reverse between stack voltage and frequency signals was 
observed again (revisit Fig 41). The physics have been explained before. However, the 
stack voltage was far from an ideal periodic signal, therefore such phase reverse was not 
so accurate and not be always observed.
4.3.3.2 Dominant frequency o f anode pressure drop versus stack voltage
76
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Fig. 46. Changes of dominant frequency of hydrogen/anode pressure drop and stack 
voltage with time after current drawn from stack stepped up from 1A to 2 A.
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Fig. 47. Changes of dominant frequency of hydrogen/anode pressure drop and stack
voltage with time after current drawn from stack stepped up from 1 A to 3 A
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Fig. 48. Changes of dominant frequency of hydrogen/anode pressure drop and stack 
voltage with time after current drawn from stack stepped up from 1 A to 4 A
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Fig. 49. Changes of dominant frequency of hydrogen/anode pressure drop and stack 
voltage with time after current drawn from stack stepped up from 1 A to 6 A
For frequency of anode pressure drop, as analyzed in start-up cases, it is a direct 
indication of water amount at anode. Figs 62, 64, 65 present a common characteristic that 
before an abrupt stack voltage increase, there were usually frequency peaks observed, 
which suggested increasing amount of water at that time. It can be therefore inferred that 
the flooding water at cathode was diffusing back to anode, thereby contributing to the 
recovery of “dead” cell. The sufficient air flow probably not only blows away flooding 
water but also facilitates the water back-diffusion through the membrane to anode.
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In this study, the steady state performance and dynamic behavior of a commercial 
10-cell fuel cell stack was investigated using a self-developed PEM fuel cell testing stand. 
Experimental data in terms of stack voltage, temperature and pressure drop were 
presented and analyzed. It was found when air excess coefficient was fixed at 2, the stack 
voltage experienced obvious and long-time oscillation after either the stack started from 
idle to a constant current load or stepped up from 1 A to an elevated current. In order to 
correlate stack voltage with cathode/anode pressure drop, fast Fourier transform (FFT) 
technique and specifically designed data processing procedure was applied to find the 
dominant frequency of pressure drop, which successfully revealed the relationship 
between. Dominant frequency of cathode pressure drop was observed to predict the 
abrupt stack voltage increase and decrease. Peak of dominant frequency of cathode 
pressure drop was found to be an indication that cathode water flooding starts. Phase 
reverse between dominant frequency and stack voltage was also observed in start-up to 2 
A and 4 A load cases. These relationships exist because changes of dominant frequency 
and stack voltage are due to the same physics, that is, the water flooding-removal cycle in 
cathode. For dominant frequency of anode pressure drop, it was a direct indication of 
water amount at anode, peak of which can be considered a sign of sudden presence of 
water at anode. Such water was usually from the cathode due to the back-diffusion.
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5.2 Recommendations
It is potentially possible for the pressure drop signal to be utilized as a diagnosis 
tool for stack voltage. Furthermore, in a PEM fuel cell power system, the stack output can 
be predicted by pressure drop signal and then controlled by adjusting flow rate of 
reactants. However, for this purpose, more experiments are necessary to collect data for 
different configurations of fuel cell stack under different operating conditions so that a 
mathematical model describing such relationship can be developed, which could be most 
challenging. Additionally, algorithm to determine the optimum window size in 
performing FFT may also be necessary to guarantee that the dominant frequency 
information is well retained whereas less noise is present.
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